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CROSS-LINKED POLYSILOXANES 



CROSS-REFERENCE TO RELATED APPLICATIONS 

[0001] This application claims priority to U.S. Patent Application serial 
number 10/367,013, filed on February 13, 2003, which claims priority to Provisional 
Patent Application serial number 60/374374, filed on April 22, 2002, entitled "Cross- 
Linked Polysiloxanes", each of which is incorporated by reference herein in its 
entirety. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 

[0002] This invention was made with United States government support The 
United States has certain rights in this invention. 

BACKGROUND 

[0003] The present invention relates to cross-linked siloxane polymers capable 
of being formed in a liquid reaction medium and solidified by heating. It also relates 
to the use of such polymers with salts (such as lithium salts) to create electrically 
conductive materials for use in batteries and the like. 

[0004] Lithium batteries are used in medical devices, wristwatches, cell 
phones, and computers, and are of interest for powering electrically powered 
automobiles. They are particularly desirable because they deliver high levels of 
power per unit weight. However, conventional lithium batteries typically contained a 
liquid (such as polyethylene oxide) that acted as an electrolyte. If such batteries were 
to be used in automobiles or in an implanted medical device, there would be some risk 
that the liquid might leak, with resulting safety and environmental concerns. 

[0005] For the above reasons, there is a need for solid electrolytes suitable for 
use with batteries. 
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SUMMARY 

[0006] In one aspect the present invention provides a cross-linked 
polysiloxane having at least one main chain segment in which "m" of the silicons are 
linked to one or more side chains that include an oligo (ethylene glycol). (See Fig. 1 .) 
The oligo (ethylene glycol) can be selected from the group consisting of side chains of 
the formula: -(CH 2 )3-0-(CH2CH 2 0)p-Ri. tow formula p is at least 2 and less than 
20 (preferably between 2 and 13), and Ri is alkyl having less than 10 carbons 
(preferably methyl). 

[0007] The polysiloxane also includes "n" silicons linked to a cross-linker that 
includes a moiety selected from a group having the formula 0-iCE 2 CB 2 0) q and 
Si-0(Si-0) k -Si. (See Fig. 5.) Preferably, q is at least 4 and less than 30 and k is at 
least 5 and less than 30. The ratio of nrm can be in a range of 1:4 to 1:200, in a range 
of 1:6 to 1:100, or in a range of 1:6 to 1:70. 

[0008] In some instances, at least a portion of the m silicons and/or at least a 
portion of the n silicons are bound to an alkyl group. Alkyl groups linked to the n 
silicons and/or to the m silicons can include less than 10 carbons. One or more of the 
m silicons can be linked to a plurality of side chains that each includes an oligomer. 
The n+m silicons can be less than or equal to the total number of silicons in the main 
chain of the polysiloxane. 

[0009] The total silicons in the main chain are preferably between 8 and 300. 
The n silicons can be less than 50%, less than 20%, or less than 5% of the total 
number of silicons in the main chain. Additionally, the n silicons can be more than 
0.5% of the total number of silicons in the main chain silicons. The m silicons can be 
greater than 50%, greater than 80%, or greater than 96% of the total number of 
silicons in the main chain. 

[0010] The polysiloxanes can be terminated on their main chain by any of the 
known termination groups that are conventional with polysiloxane electrolytes (most 
preferably a silyl group such as trimethyl silyl). 
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[0011) If the cross linker includes a moiety with the structure Si-0-(Si-0)k-Si, 
each of the silicons in the moiety can also be linked to two alkyl groups. In some 
instances, the alkyl groups are methyl groups. 

[0012 J These compounds are primarily intended for use in mixtures with salts. 
Lithium salts of the type conventionally used with polysiloxane electrolytes are highly 
preferred. It is typically desired to have an excess of ethylene glycol repeating units 
relative to lithium cations. A suitable ratio for glycol repeating units relative to 
lithium cations includes, but is not limited to, ratios in the range of 12:1 to 40:1 and 
20:1 to 40:1. 

[0013] These compounds are capable of being synthesized as a liquid (e.g. at 
room temperature), and then converted to a solid film or other solid by heating at 
between 50 °C and 150 °C. Preferably, the liquid is capable of solidifying upon being 
heated to a temperature of less than 100 °C. 

[0014] Thus, in another form the invention provides methods of forming such 
compounds. One reacts a polysiloxane (having some silicons in its main chain 
bonded to a hydrogen and other silicons in its main chain bonded to at least one of the 
aforesaid side chains) with a cross-linking agent. The cross-linking agent has the 
following formula, CH2=CH-CH2-R3-CH 2 -CH-CH 2 , where R 3 is a moiety selected 
from the group consisting of 0-(CH 2 CH 2 0) q and Si-0-(Si-0) k -Si, where q is at least 4 
and less than 30, and k is at least 5 and less than 30. 

[0015] The "free" side chains in the final product provide binding sites for the 
lithium cations. They promote the electroconductivity. The reaction mixture can 
remain liquid when it is first formed, but will solidify under moderate heating as the 
moderate heating causes the cross-linking. Thus, the compositions can be synthesized 
in a batch production process and then be transported into battery housings. The 
housings can double as mold housings as the battery housings (with electrolyte inside) 
can be heated at relatively moderate temperatures to create a solid internal electrolyte. 

£0016] Thus, the invention provides a method of forming a solid cross-linked 
polysiloxane that will conduct electricity. It involves heating a liquid compound of 
the above type until it forms a solid that remains a solid at room temperature. 
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[0017] Advantages of the present invention therefore include providing solid 
electrolytes useful in lithium batteries, providing techniques for efficiently forming 
these electrolytes from a liquid, and providing such electrolytes with good mechanical 
strength, excellent thermal and electrochemical stability and high room temperature 
conductivity. 

[0018] These materials can be easily synthesized, poured into the final battery 
or other housing, and then heated to fix them in form. Alternatively, they can be 
poured over a surface to a specific depth, and then heated to create a thin film of 
conducting electrolyte. ) 

[0019] Another advantage of the present invention is that these materials can 
be synthesized efficiently from known, readily obtainable materials. 

[0020] These and still other advantages of the present invention will be 
apparent from the description that follows. The following description is merely of the 
preferred embodiments. The claims should therefore be looked to in order to 
understand the full scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] FIG. 1 depicts in schematic form a synthesis of a first type of precursor 
polysiloxane; 

[0022] FIG. 2 depicts in schematic form a synthesis of a second type of 
precursor polysiloxane; 

[0023] FIG. 3 depicts in schematic form a method of obtaining one type of 
cross-linking agent; 

[0024] FIG. 4 depicts in schematic form a method of obtaining another type of 
cross-linking agent; 

[0025] FIG. 5 depicts in schematic form a cross-linking reaction to create a 
polysiloxane of the present invention; and 

[0026] FIG. 6 depicts in schematic form a polysiloxane of the present 
invention. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS 



[0027] We describe creation of polysiloxane polymers having a plurality of 
main siloxane chain silicons linked to at least one oligomer side chain and a plurality 
of main siloxane chain silicons linked to a hydrogen available for use in a later cross- 
linking reaction. We describe the creation of cross-linking agents based on either 
polyethylene oxide main chain portions (with available unsaturated carbon ends) or 
siloxane main chain portions (with available unsaturated carbon ends). 

[0028] We also describe the use of such cross-linking agents to create cross- 
linked polysiloxane material (with or without lithium salt doping). 

[0029] We also describe testing of the conductivity of our electrolytes, a 
technique for controlling the speed of the cross-linking reaction, and techniques for 
turning the liquid cross-linked polysiloxane into a solid. 

[0030] Example 1 

[0031] We created a polysiloxane having most of the silicons in the main 
siloxane chain being bound to a single methyl group and also a single oligo(ethylene 
glycol) side chain. However, some of the silicons in the main siloxane chain instead 
were bound to a single methyl group and also to hydrogen. For Example 1, the ratio 
of n:m (see FIG. 1) was about 1:14 and p was 3. 

[0032] In our synthesis, an oven-dried three-neck 500mL flask was flame- 
vacuumed and then filled with N 2 . This process was repeated 3 times. 

[0033 ] Polymethylhydrosiloxane (PMHS, 30 g, 0.5 mol, Gelest) was syringed 
into the flask, then 300 mL of distilled toluene was added along with tri(ethylene 
glycol) allyl methyl ether (102 g, 0.5 mol), and Karlstedt's catalyst (platinum- 
divinyltetramethyl-disiloxane) (100 ppm, -2% in xylene). The reaction solution was 
heated to 60 °C for 24 hours, and cooled to room temperature. 

[0034] The solvent was removed under reduced pressure, and the resulting 
colorless or yellowish viscous oil was washed at least 6 times with hexanes until there 
were no signals for tri(ethylene glycol) allyl methyl ether and its isomers detected in 
the l H-NMR spectrum. The lower layer was collected and dissolved in dry toluene to 



5 



WO 03/090299 PCT/US03/08784 

make a dilute solution, which was then passed through a silica gel column to remove 
the trace of platinum catalyst. 



[0035] Afterwards, all volatile residues were removed under vacuum. The 
final single branched polysiloxane was a colorless, viscous liquid. The yield was 
about 90%. A GPC trace of this material showed one peak. The n:m ratio (1:14) was 
determined by the integration area of Si-H at 4.6 ppm to Si-CH 3 at 0.3 ppm from J H- 
NMR measurement. 

[0036] Example 2 

[0037] For Example 2 we created the FIG. 1 polysiloxane where the ratio of 
n:m was about 1:30 and p was 3. 

[0038] Polymethylhydrosiloxane (PMHS, 30 g, 0.5 mol, Gelest) was placed in 
a 500 mL flask which was flame-vacuumed and then filled with N2 for three times, 
then 300 mL of distilled toluene was added along with tri(ethylene glycol) allyl 
methyl ether (122.4 g, 0,6 mol (20% excess)) and Karlstedt's catalyst (120 ppm, -2% 
in xylene solution). 

[0039] The reaction solution was stirred and heated to 60 °C for 48 hours and 
then cooled to room temperature. The toluene was removed under reduced pressure, 
resulting in a colorless viscous oil which was washed at least 6 times with hexanes 
until no tri(ethylene glycol) allyl methyl ether and its isomers signals were detected in 
l H-NMR spectrum. The lower layer was collected and dissolved in diy toluene to 
make a dilute solution, which was then passed through a silica gel column to remove 
the trace of platinum catalyst. 

[0040] All volatiles were then removed under vacuum. The final single 
branched polysiloxane was a colorless, viscous liquid. The yield was about 80%. A 
GPC trace of this material showed one peak. The n:m ratio (1 :30) was determined by 
the integration area of Si-H at 4.6 ppm to Si-CH 3 at 0.3 ppm from ^-NMR 
measurement 
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[0041] Example 3 

[0042] For Example 3 we created the FIG. 1 polysiloxane where the ratio of 
n:m was about 1:70 and p was 3. 

[0043 ] Polymethylhydrosiloxane (PMHS, 30 g, 0.5 mol, Gelest) was placed in 
a 500 ml flask which was flame-vacuumed and then filled with N2 for three times, 
then 300 ml of distilled toluene was added along with tri(ethylene glycol) allyl methyl 
ether (142.8 g, 0.7 mol (40% excess)) and Karlstedt's catalyst (120 ppm, -2% in 
xylene solution). 

[0044] The reaction solution was stirred and heated to 60 °C for at least 
48 hours and then cooled down to room temperature. The toluene was removed under 
reduced pressure, and the polymer was rinsed with hexane for at least 10 times to 
remove excess allyl ether and the isomers (no allyl ether and isomers were detected in 
the proton NMR spectrum). After passing through a silica gel column to get rid of the 
trace amount of platinum catalyst, the final single branched polysiloxane was a 
colorless, viscous liquid (yield is about 75%). A GPC trace of this material showed 
one peak. The n:m ratio (1:70) was determined by the integration area of Si-H at 
4.6 ppm to Si-CH3 at 0.3 ppm from 'H-NMR measurement 

[0045] Example 4 

[0046] For Example 4 we created the FIG. 1 polysiloxane where the ratio of 
n:m was about 1 :8 and p was 7.2. 

[0047] Polymethylhydrosiloxane (12.0 g, 0.2 mol) was placed in a 250 mL 
3 -neck flask that was vacuum/flame dried 3 times in advance. 1 50 ml of dried toluene 
was added along with oligo(ethylene glycol) allyl methyl ether (mw~ 390) (70.2 g, 
0.18 mol) and Karlstedt's catalyst (200 ppm, -2% in xylene solution). The solution 
was heated to 65 °C for one day, and the polymer was washed with hexane to remove 
the excess allyl ether. The result was a light yellowish, viscous liquid (yield is about 
90%). 
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[0048] Examples 

[0049] For Example 5 we replaced the methyl with an additional side chain to 
create the FIG. 2 polysiloxane where the ratio of n:m was about 1 :6 and p was 3 . 

[0050] As a first step we created the dichlorosilane with two side chains. 
Tri(ethylene glycol) allyl methyl ether (20. 5g, 0.1 moi) was added with 50 mL of dry 
THF to a Schlenk flask fitted with a screw top Teflon® stopper. The mixture was 
cooled briefly in liquid nitrogen. Then dichlorosilane (20 g, 0.05 mol, 25% solution 
in xylene) was syringed into the flask. 

[0051] Hexachloroplatinic acid (200 ppm, 0.05 g/mL solution in isopropanol) 
was added to the mixture. The flask was sealed, and the mixture was frozen using' 
liquid nitrogen. Once the mixture was completely frozen, a vacuum was pulled on the 
flask. The flask was then resealed and allowed to warm to room temperature at which 
time it was heated to 60 °C for at least 24 hours. A yellowish tint to the solution 
indicated that the reaction was finished. 

[0052] A vacuum was pulled on the reaction to remove any remaining 
dichlorosilane. Conversion was measured by IR spectroscopy and l H-NMR. The 
Si-H displays a characteristic ER absorption at 2160 cm" 1 and l H-NMR peak at 
5.5 ppm for dichlorosilane or 4.5 ppm for dichloromonoalkylsilane. Additionally, the 
tri(ethylene glycol) allyl methyl ether shows an olefinic absorption at 1650 cm' 1 . The 
reaction was considered complete when no Si-H could be detected. The polymer was 
heated under vacuum to remove unreacted allyl methyl ether. The result was a 
yellowish liquid (yield 98%). l H-NMR and ^Si-NMR confirmed the correct product. 

[0053] As a second step, we performed cohydrolysis of the two dichlorides as 
shown in FIG. 2. In this regard, a magnetic stir bar was placed in a flame dried 
lOOmL 3-neck flask. Dichloromethane (dry, 10 mL), dichlorodi(2-{2~(2- 
methoxyethoxy)ethoxy)ethoxy) propylsilane (5.08 g, 0.01 mol) and 
dichloromethylsilane (0.23 g, 0.002 mol) were added to the flask. Triethyl amine 
(2.424 g, 0.022 mol) together with excess water (~1.0 g) was added into the mixture 
by dropping funnel. 
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[0054] A white fog was immediately produced. The solution was stirred for 
12 hours, then filtered to remove the white ammonium salt crystals. The viscous 
polymer was then dissolved in toluene, and passed through a silica gel column. The 
result was a yellowish viscous oil, which was dried with anhydrous MgSC>4. The 
^-NMR spectrum showed a signal at 4.7 ppm (Si-H), and 0.45 ppm (4H), 1.5 ppm 
(4H), 3.3-3.75 ppm (24H). The n:m ratio (1:6) was determined by the integration area 
of Si-H and Si-CH 2 -peaks. 

[0055] Example 6 

[0056] For Example 6 we created a first cross-linking agent as depicted in 
FIG. 3. In this regard, to a suspension of NaH (6.8 g, 0.17 mol 20% excess, in 60% 
mineral oil) in THF (200 mL) was added drop wise to a solution of hexa(ethylene 
glycol) (20 g, 0.071 mol) in 100 mL THF. After being stirred at room temperature for 
about 2 hours, the mixture was cooled in an ice bath. 

[0057] Then allyl bromide (20.4 g, 0.17 mol) was added into the brown 
mixture over 30 minutes, causing a white precipitate. This mixture was stirred at 
room temperature for another 2 hours, then heated to 50 °C for about 12 hours. The 
mixture was filtered and solvent removed under reduced pressure to yield a yellowish 
oil. The crude material was vacuum distilled to collect the distillate at 170-180 °C 
/10mm Hg, which was a colorless liquid (yield is -90%). ] H-NMR and l3 C-NMR 
indicated the correct structure. 

[0058] Example 7 

[0059] For Example 7 we schematically depict how one could create the 
FIG. 4 cross-linking agent by reacting octamethylcyclotetrasiloxane with a precursor 
in the presence of concentrated sulfuric acid. 

[0060] Example 8 

[0061] For Example 8 we pipetted a viscous branched polysiloxane precursor 
(C-PMHS) (1 .0 g, 1 .7 xiff 4 mol) into an oven dried 10 mL one-neck flask, then added 
the FIG. 4 diallyl terminated polysiloxane (mw~770) crosslinker (0.0425 g, 3.2 mL of 
0.02 g/mL THF solution) and lithium bis(trifluoromethanesulfonyl) imide 
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(LiN(CF 3 S0 2 )2) (4.1 xlO" 4 mol, 12.3 mL of 0.0367 mol/L THF solution) by syringing 
them into the flask. The mixture was stirred vigorously, resulting in a homogenous 
and colorless THF solution. Afterwards, the resulting solution was put on a high- 
vacuum line (~ 10" 5 ton) for about 24 hours to completely remove the solvent and 
trace moisture. 

[0062] The flask was then transferred into a glove-box filled with pure argon, 
where the liquid sample was loaded into the conductivity cell. The well-sealed 
conductivity cell was placed in an oven at 80 °C. After about 18 hours, a solid 
polysiloxane film resulted, which showed no Si-H absorption at 2100 cm" 1 in the 
FTER spectroscopy. 

[0063] Example 9 

[0064] For Example 9 we followed the FIG. 5 procedure to create the FIG. 6 
compound. We mixed the branched polysiloxane precursor (that has available 
hydrogen sites for cross-linking) with the cross-linking agent, the catalyst, and the 
inhibitor. The reaction proceeded at high vacuum. The resulting product was then 
heated. 

[0065] As a first example of the FIG. 5 technique we used a branched 
polysiloxane (C-PMHS) in which the n:m ratio was 1 :8 and the n' was 3. With it, we 
used a cross-linking agent in which the m for the cross-linking agent was about 23. 

[0066] The viscous branched polysiloxane precursor (0.55 g, 1.6x10-3 mol) 
was pipetted into an oven dried 10 mL one-neck flask, then diallyl terminated 
polyethylene glycol) (mw~1080) cross-linker (0.136 g, 6.8 mL of 0.02 g/mL THF 
solution) and lithium bis(trifluoromethanesulfonyl) imide (LiN(CF3SC>2)2) 
(2.78x1 0" 4 mol, 7.6 mL of 0.0367 mol/L THF solution) were syringed into the flask. 

[0067] The mixture was stirred vigorously, resulting in a homogenous and 
colorless THF solution. Afterwards, the resulting solution was evacuated on a high- 
vacuum line (~10* 5 ton) for about 24 hours to completely remove the solvent and 
trace moisture. The flask was then transferred into a glove-box filled with pure argon, 
where the liquid sample was loaded into the conductivity cell. The well-sealed 
conductivity cell was placed in an oven at 80 °C. After about 5 hours a solid 
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polysiloxane film resulted, which showed no Si-H absorption at 2100 cm" 1 in the 
FTIR spectrum. 

[0068] Example 10 

[0069] As a second example of the FIG. 5 technique we used a branched 
polysiloxane in which the n:m ratio was 1:14 and the n' was 3. With it, we used a 
cross-linking agent in which the m for the cross-linking agent was about 13. 

[0070] The viscous branched polysiloxane precursor (0.514 g, 1.74xl0" 3 mol) 
was pipetted into an oven dried 10 mL one-neck flask, then diallyl terminated 
polyethylene glycol) (mw~680) cross-linker (0.0465 g, 2.32 mL of 0.02 g/mL THF 
solution) and lithium bis(trifluoromethanesulfonyl) imide (LiN(CF3S02>2) (2.48x10" 
4 mol, 6.75 mL of 0.0367 mol/L THF solution) were syringed into the flask. 

[0071] The mixture was stirred vigorously, resulting in a homogenous and 
colorless THF solution. Afterwards, the resulting solution was pulled on a high- 
vacuum line (~10~ 5 torr) for about 24 hours to completely remove the solvent and 
trace moisture. The flask was then transferred into a glove-box filled with pure argon, 
where the liquid sample was loaded into the conductivity cell. The well-sealed 
conductivity cell was placed in an oven at 80 °C. After about 8 hours, a solid 
polysiloxane film resulted, which showed no Si-H absorption at 2100 cm" 1 in the 
FTIR spectroscopy. 

[0072] Example 11 

[0073] As a third example of the FIG. 5 technique we used a branched 
polysiloxane in which the n:m ratio was 1:30 and the n was 3. With it, we used a 
cross-linking agent in which the m for the cross-linking agent was about 13. 

[0074] The viscous branched polysiloxane precursor (1 .0 g, 3.6*10' 3 mol) was 
pipetted into an oven dried 10 mL one-neck flask, then diallyl terminated 
polyethylene glycol) (mw~680) cross-linker (0.0425 g, 2.1 mL of 0.02 g/mL THF 
solution) and lithium bis(trifluoromethanesu!fonyl) imide (LiN(CF3S02)2) (4.76x10" 
4 mol, 13.0 mL of 0.0367 mol/L THF solution) were syringed into the flask. 
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[0075] The mixture was stirred vigorously, resulting in a homogenous and 
colorless THF solution. Afterwards, the resulting solution was put on a high-vacuum 
line (~10~ 5 torr) for about 24 hours to completely remove the solvent and trace 
moisture. The flask was then transferred into a glove-box filled with pure argon, 
where the liquid sample was loaded into the conductivity cell 

[0076] The well-sealed conductivity cell was placed in an oven at 80 °C. 
After about 18 hours, a solid polysiloxane film resulted, which showed no Si-H 
absorption at 2100 cm" 1 in the FTIR spectroscopy. 

[0077] While we used LiN(CF 3 S0 2 )2 as an example lithium salt, it should be 
appreciated that a variety of other lithium salts should also be useful in connection 
with our polymers. Examples of suitable salts include, but are not limited to, 
LiCF 3 S0 3 , LiBF 4 , LiAsF 6 , LiPF 6> LiCF 3 S0 3> Li(CF 3 S0 2 ) 2 N, Li(CF 3 S0 2 ) 3 Q 
LiN(S0 2 C 2 F 5 ) 2 , LiC104, lithium alkyl fluorophosphates, lithium bis(chelato)borates 
having from seven membered rings and mixtures thereof 

[0078] While a wide variety of catalysts might be used to facilitate the 
reactions, platinum based catalysts are highly preferred. While we prefer Karlstedt's 
catalyst, other platinum catalysts will likely also be useful such as IfePtCk 

[0079] We have also learned that certain of the cross-linking reactions proceed 
so quickly that the viscosity of the resulting liquid may be adversely affected before 
the material can be positioned in a casting container such as a battery housing. As 
such, we prefer to also add an inhibitor such as dibutyl maleate to slow the reaction 
enough to permit handling prior to viscosity changing. It is highly desirable that the 
final material become a solid when heated to a temperature under 250 °C, even more 
preferably under 100 °C. 

[0080] The mechanical properties of the film membrane which forms can be 
altered by adjusting the cross-linking density, i.e. the ratio of main chain silicons 
linked to a cross linker "n" to main chain silicons linked to a oligo(ethylene oxide) 
side chain "m" For example, in some of our examples the ratio of n:m was 1:30. In 
others, more cross-linking was present with an n:m ratio of 1 : 14 or 1 :8. Suitable ratios 
for n:m include, but are not limited to, n:m ratios in a range of 1 :4 to 1 :200, in a range 
of 1:4 to 1:100 or in a range of 1:6 to 1:70. 
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[0081] We believe that as more of the silicons become cross-linked (where 
more than 20% are cross-linked) that the ability of the material to remain a liquid at 
room temperature may become compromised. Moreover, the cross-linking can begin 
to adversely affect conductivity. In addition, if much less than 1% are cross-linked 
the properties of solidification upon heating may be compromised. 

100821 Suitable polysiloxane main chains include, but are not limited to, main 
chains having between 15 and 350 silicons and main chains having between 8 and 300 
silicons. Too short of a chain length can compromise conductivity. 

[0083] In the case of a siloxane cross-linker, the siloxane repeating unit is 
preferably repeated between 8 and 22 times. Again, the repeating unit is central to the 
electrical properties of the final compound. The mechanical properties of the 
membrane can also be altered by adjusting the chain length of the cross-linking agent. 

100841 We have conducted conductivity measurements on lithium salt doped 
films made by the present invention. For example, we determined that several of 
these tested samples had conductivity almost the same as that of polymers described 
in U.S. Pat No, 6,337,383, yet provided the additional benefits of the present 
invention. 

[0085] While a number of embodiments of the present invention have been 
described above, the present invention is not to be considered limited to the specific 
examples described above. In this regard, there are other modifications that are meant 
to be within the scope of die invention. For example, it is not critical that the silicons 
within the main chain that have the hydrogens also have an alkyl group, or that the 
alkyl group if present be methyl. Further, the terminal units of the chains can be 
varied as is well known for polysiloxanes. Thus, the claims should be looked to in 
order to judge the full scope of the invention. 

[00861 Industrial Applicability 

[0087] The present invention provides compounds useful for various electrical 
purposes, such as use as electrolytes in lithium-based batteries. 
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CLAIMS 

We claim: 

1- A cross-linked polysiloxane having at least one main chain segment in which 
some silicons are linked to a side chain selected from the group consisting of side 
chains of the following formula: KCH 2 )3-0-(CH 2 CH 2 OVRi> wherein p is at least 
2 and Rj includes carbon. 

2. The cross linked polysiloxane of claim 1 , wherein p is less than 20. 

3. The cross linked polysiloxane of claim 1 , wherein Ri is alkyl. 

4. The cross-linked polysiloxane of claim 1, wherein at least a portion of the main 
chain silicons are linked to a cross-linker having a moiety selected from the group 
consisting of 0-(CH 2 CH 2 0) q and Si-0-(Si-0) k -Si, wherein q is at least 4 and less 
than 30 and wherein k is at least 5 and less than 30. 

5. The cross-linked polysiloxane of claim 6, wherein each of the silicons in the 
-SiO-(Si-0)k-Si- is also linked to two methyl groups. 

6. The cross-linked polysiloxane of claim 1, wherein fewer than 20% of the silicons 
in the main chain are linked to a cross linker. 

7. The cross-linked polysiloxane of claim 1, wherein m of the silicons are linked to 
the side chain and n of the silicons are linked to a cross linker, a ratio of n:m being 
in a range of 1:6 to 1:70. 

8. A cross-linked polysiloxane having at least one main chain segment in which 
some silicons are linked to a side chain including an oligo (ethylene glycol) and a 
portion of the main chain silicons are linked to a cross linker including a moiety 
selected from the group consisting of 0-(CH 2 CH 2 0) q and Si-0-(Si-0) k -Si wherein 
q is at least 4 and k is at least 5. 
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9. The cross-linked polysiloxane of claim 8, wherein q is less than 30 and k is less 
than 30. 



10. The cross-linked polysiloxane of claim 8, wherein the cross linker includes a 
moiety selected from the group consisting of O-(CH 2 CH 2 0) q . 

11. The cross-linked polysiloxane of claim 8, wherein the cross linker includes a 
moiety selected from the group consisting of Si-0-(Si-0)k-Si. 

12. The cross-linked polysiloxane of claim 8, wherein the cross linker is selected from 
the group consisting of CH 2 =CH-CH2-0-(CH2CH 2 0) q -CH2-CH=CH2 and 
CH 2 =CH-CH 2 -0-Si-0-(Si-0)k-Si-CH2-CH=CH2. 

13. The cross-linked polysiloxane of claim 8, wherein the oligo (ethylene glycol) has 
the following formula -(CH 2 ) 3 -0-(CH2CH20)p-Ri, wherein p is at least 2 and Ri 
includes carbon. 

14. The cross-linked polysiloxane of claim 8, wherein each of the silicons in the 
-Si-0-(Si-0)k-Si- is also linked to two methyl groups. 

15. The cross-linked polysiloxane of claim 8, wherein fewer than 20% of the silicons 
in the main chain are linked to a cross linker. 

16. The cross-linked polysiloxane of claim 8, wherein m of the silicons are linked to 
the side chain and n of the silicons are linked to a cross linker, a ratio of n:m being 
in a range of 1:6 to 1:70. 

17. A battery, comprising: 

a battery housing 

an electrolyte within the housing, the electrolyte including a cross-linked 
polysiloxane having at least one main chain segment in which some silicons 
are linked to a side chain selected from the group consisting of side chains of 
the following formula: -(CH 2 >3-0-(CH 2 CH20)p-Ri, wherein p is at least 2 
and Ri includes carbon. 
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18. The battery of claim 17, wherein p is less than 20. 

19. The battery of claim 17, wherein Rj is alkyl. 

20. The battery of claim 17, wherein at least a portion of the silicons in the main chain 
of the polysiloxane are linked to a cross-linker having a moiety selected from the 
group consisting of 0-(CH 2 CH 2 0) q and Si-0(Si-0)k-Si, wherein q is at least 4 
and less than 30 and wherein k is at least 5 and less than 30. 

21. The battery of claim 17, further comprising: 

a lithium salt mixed with the cross-linked polysiloxane. 

22. The battery of claim 21, wherein the electrolyte includes 20 to 40 repeating units 
in the side chains for each lithium cation. 

23. The battery of claim 17, wherein m of the silicons in the polysiloxane main chain 
are linked to the side chain and n of the silicons in the polysiloxane main chain are 
linked to a cross linker, a ratio of n:m being in a range of 1 :6 to 1 :70. 

24. A battery, comprising: 

a battery housing 

an electrolyte within the housing, wherein the electrolyte includes a cross-linked 
polysiloxane having at least one main chain segment in which some silicons 
are linked to a side chain including an oligo (ethylene glycol) and a portion 
of the main chain silicons are linked to a cross linker including a moiety 
selected from the group consisting of 0-(CH 2 CH 2 0) q and Si-0-(Si-0) k -Si 
wherein q is at least 4 and k is at least 5. 

25. The battery of claim 24, wherein q is less than 30 and k is less than 30. 

26. The battery of claim 24, wherein the cross linker includes a moiety selected from 
the group consisting of 0-(CH 2 CH 2 0) q . 

27. The battery of claim 24, wherein the cross linker includes a moiety selected from 
the group consisting of Si-0-(Si-0)k-Si. 
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28. The battery of claim 24, wherein the cross linker is selected from the group 
consisting of: CH 2 =CH-CH2-0-(CH2CH 2 OVCH2-CH=CH 2 and 
CH 2 =CH-CH 2 ~0-Si-0-(Si-0) k -Si~CH2-CH=CH 2 . 

29. The battery of claim 24, wherein the oligo (ethylene glycol) has the following 
formula -(CH 2 ) 3 -0-(CH 2 CH 2 0)p-Rb wherein p is at least 2 and Ri includes 
carbon. 

30. The battery of claim 24, further comprising: 

a lithium salt mixed with the cross-linked polysiloxane. 

31. A method of forming a cross-linked polysiloxane of claim 1, comprising: 
reacting a polysiloxane with a cross-linking agent and 

at least a portion of the silicons in the polysiloxane main chain are linked to at 
least one hydrogen and at least a portion of the silicons in the polysiloxane 
main chain linked to a side chain including an oligo (ethylene glycol); 
wherein 

the cross-linking agent includes a moiety selected from the group consisting of: 
0-(CH 2 CH 2 0) q and Si-0-(Si-0)k-Si wherein q is at least 4 and k is at least 5. 

32. The method of claim 3 1 , wherein q is less than 30 and k is less than 30. 

33. The method of claim 31, wherein the cross-linking agent includes a moiety 
selected from the group consisting of 0-(CH 2 CH 2 0)q. 

34. The method of claim 31, wherein the cross-linking agent includes a moiety 
selected from the group consisting of Si-0-(Si-0)k-Si. 

35. The method of claim 31, wherein the cross-linking agent includes two unsaturated 
carbon-carbon bonds. 

36. The method of claim 31, wherein the cross-linking agent is selected from the 
group consisting of: CH 2 =CH-CH 2 -0-(CH 2 CH 2 0) q -OT 2 -CH=CH 2 and 
CH 2 =CH-CH 2 -0-Si-0-(Si-0)k-Si-CH 2 -CH=CH 2 . 
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37. The method of claim 31, further comprising: 

transporting the polysiloxane and cross-linking agent into a battery housing, the 
polysiloxane and cross-linking agent react within the battery housing so as to 
form a solid cross-linked polysiloxane within the battery housing. 

38. The method of claim 31, further comprising: 

elevating the temperature of the polysiloxane and cross-linking agent to a 
temperature above 50°C and below 150°C while reacting the polysiloxane 
and cross-linking agent. 

39. The method of claim 31, wherein the polysiloxane and the cross-linking agent are 
reacted in the presence of a platinum catalyst 

40. The method of claim 31, wherein the polysiloxane and the cross-linking agent are 
reacted such that the cross-linked polysiloxane solidifies during the reaction. 

41. The method of claim 31, wherein the polysiloxane and the cross-linking agent are 
reacted such that at least a portion of a cross-linking agent is linked to a main 
chain silicon that was linked to a hydrogen before the reaction. 

42. The method of claim 41, wherein a carbon from the crosslinking agent is linked to 
the main chain silicon that was linked to a hydrogen before the reaction. 

43. A battery made by the method of: 
providing an anode; 
providing a cathode; and 

activating the anode and cathode with an electrolyte including a cross-linked 
polysiloxane made by the method of claim 3 1 . 
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44. A method of forming a solid cross-linked polysiloxane, comprising: 

heating a liquid cross-linked polysiloxane until it forms a solid that remains a 
solid at room temperature, the polysiloxane having at least one main chain 
segment having some silicons linked to a side chain selected from the group 
consisting of side chains of the following formula: -(CH 2 )3-0-(CH2CH20)p- 
Ri, wherein p is at least 2 and Ri includes carbon. 

45. The method of claim 43, wherein at least a portion of the main chain silicons are 
linked to a cross-linker having a moiety selected from the group consisting of 
0-(CH2CH20) q , wherein q is at least 4 and less than 30. 

46. The method of claim 43, wherein at least a portion of the main chain silicons are 
linked to a cross-linker having a moiety selected from the group consisting of 
Si-0-(Si-0)k-Si, wherein k is at least 5 and less than 30. 

47. A method of providing a battery, comprising: 

transporting the polysiloxane and cross-linking agent into a battery housing, 
wherein at least a portion of the silicons in the polysiloxane main chain are 
linked to at least one hydrogen and at least a portion of the silicons in the 
polysiloxane main chain linked to a side chain including an oligo (ethylene 
glycol); and 

reacting the polysiloxane and cross-linking agent within the battery housing so as 
to form a solid cross-linked polysiloxane within the battery housing. 

48. The method of claim 47, wherein the cross-linking agent includes a moiety 
selected from the group consisting of: 0-(CH 2 CH 2 0) q wherein q is at least 4. 

49. The method of claim 47, wherein the cross-linking agent includes a moiety 
selected from the group consisting of: Si-0-(Si-0)k-Si wherein k is at least 5. 

50. The method of claim 47, wherein the cross-linking agent includes two 
unsaturated carbon-carbon bonds. 
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5L The method of claim 47, wherein the cross-linking agent is selected from the 
group consisting of: CH 2 =CH-CH2-0-(CH2CH20) q -CH 2 -CH=CH2 and 
CH 2 <:H-CH 2 -O-Si-0--(Si-0) k -Si-CH 2 -CH=<:H2 wherein q is at least 4 and k is at 
least 5. 



52. The method of claim 47, wherein reacting the polysiloxane and cross-linking 
agent includes elevating the temperature of the polysiloxane and cross-linking 
agent within the battery housing to a temperature in a range of 50 °C to 150 °C. 

53. The method of claim 47, wherein the polysiloxane and cross-linking agent are 
reacted in the presence of a platinum catalyst. 

54. A battery made by the method of claim 47. 
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